The suppression of the individual Υ(nS) states in PbPb collisions with respect to their yields in pp data has been measured. The PbPb and pp datasets used in the analysis correspond to integrated luminosities of 150 µb −1 and 230 nb −1 , respectively, collected in 2011 by the CMS experiment at the LHC, at a center-of-mass energy per nucleon pair of 2.76 TeV. The Υ(nS) yields are measured from the dimuon invariant mass spectra. The suppression of the Υ(nS) yields in PbPb relative to the yields in pp scaled by the number of nucleon-nucleon collisions, R AA , is measured as a function of the collision centrality. Integrated over centrality, the R AA values are 0.56 ± 0.08 (stat.) ± 0.07 (syst.), 0.12 ± 0.04 (stat.) ± 0.02 (syst.), and lower than 0.10 (at 95% confidence level), for the Υ(1S), Υ(2S), and Υ(3S) states, respectively. The results demonstrate the sequential suppression of the Υ(nS) states in PbPb collisions at LHC energies. Suppression of heavy quarkonium states has been proposed as a probe of the properties of the hot and dense medium created in high-energy heavy-ion collisions [1] . If a deconfined state, often referred to as the quark-gluon plasma (QGP), is formed, the confining potential of heavy quark-antiquark pairs is expected to be screened because of interactions with quarks and gluons in the medium. The resulting dissociation of the quarkonium states depends on the temperature of the medium, and is expected to occur sequentially, reflecting the increasing values of their binding energies [2]. The Υ(1S) is the most tightly bound quarkonium state, and is hence expected to be the one with the highest dissociation temperature.
deposited in the HF [7, 8] . The centrality classes used in this analysis are 50-100%, 40-50%, 30-40%, 20-30%, 10-20%, 5-10%, and 0-5%, ordered from the lowest to the highest HF energy deposit. Using a Glauber-model calculation as described in Ref. [7] , the average number of nucleons participating in the collisions (N part ) and the average nuclear overlap function (T AA ) have been estimated for each centrality class. The T AA factor is equal to the number of elementary nucleon-nucleon (NN) binary collisions divided by the elementary NN cross section and can be interpreted as the NN-equivalent integrated luminosity per heavy-ion collision, at a given event centrality [9] .
The Υ states are identified through their dimuon decay. The events are selected online with a hardware-based trigger requiring two muon candidates in the muon detectors. More stringent muon quality requirements are imposed in the PbPb case relative to the pp online selection. No explicit momentum or rapidity thresholds are applied at trigger level. For the PbPb data, events are preselected offline if they contain a reconstructed primary vertex comprising at least two tracks, and the presence of energy deposits larger than 3 GeV in at least three towers in each of the two HF calorimeters. These criteria reduce contributions from single-beam interactions, ultra-peripheral electromagnetic interactions, and cosmic-ray muons.
Muons are reconstructed by matching tracks in the muon detectors and silicon tracker. The same offline reconstruction algorithm and selection criteria are applied to the PbPb and pp data samples. The muon candidates are required to have a transverse (longitudinal) distance of closest approach to the event vertex smaller than 3 (15) cm. Muons are only kept if the part of their trajectory in the tracker has 11 or more hits and the χ 2 per degree of freedom of the combined and tracker-only fits are lower than 20 and 4, respectively. Pairs of oppositely charged muons are considered dimuon candidates if the χ 2 fit probability of the tracks originating from a common vertex exceeds 5%. This removes background arising primarily from the displaced, semileptonic decays of charm and bottom hadrons. Only muons with p T > 4 GeV/c and |η| < 2.4 are considered, as in Ref. [5] . The dimuon p T distribution of the selected candidates extends down to zero and has a mean of about 6 GeV/c, covering a dimuon rapidity range of |y| < 2.4. The resultant dimuon invariant mass spectra are shown in Fig. 1 for the PbPb and pp datasets. The three Υ(nS) peaks are clearly observed in the pp case; the Υ(3S) state is not prominent above the dimuon continuum in PbPb collisions.
Simulated Monte Carlo (MC) events are used to optimize muon selection cuts and to evaluate efficiencies. Signal Υ(nS) events are generated using PYTHIA 6.424 [10] , with non-relativistic quantum chromodynamics matrix elements tuned by comparison with CDF data [11] . Underlying heavy-ion events are produced with the HYDJET 1.6 [12] event generator. The detector response is simulated with GEANT4 [13] . The signal candidates are embedded in the underlying PbPb events, at the level of detector hits and with matching vertices. The resulting embedded events are then processed through the trigger emulation and the full event reconstruction chain.
An extended unbinned maximum likelihood fit to the two invariant mass spectra shown in Fig. 1 is performed to extract the Υ(nS) yields, following the method described in Refs. [5, 14] . The measured mass lineshape of each Υ(nS) state is parameterized by a "Crystal Ball" (CB) function, i.e. a Gaussian resolution function with the low-side tail replaced by a power law describing final-state radiation. The mass differences between the states are fixed to their world average values [15] and the mass resolution is forced to scale with the resonance mass. In our previous measurement [5] , the signal shape parameters were fixed from MC simulation, including the mass resolution and CB tail parameters. The current 20-fold larger PbPb dataset allows these constraints to be released, but the shape parameters are treated as common for The ratios of the observed yields, not corrected for differences in acceptance and efficiency, of the Υ(2S) and Υ(3S) states to the Υ(1S) state, in the PbPb and pp data, are
where the systematic uncertainty arises from the fitting procedure, as described below. For the Υ(3S) to Υ(1S) ratio in PbPb, a 95% confidence level (CL) limit is set, based on the FeldmanCousins statistical method [17] .
The measurement of the ratio of the Υ(nS)/Υ(1S) ratios in PbPb and pp collisions benefits from an almost complete cancellation of possible acceptance or efficiency differences among the reconstructed resonances. The simultaneous fit to the PbPb and pp mass spectra gives the double Figure 2 : Centrality dependence of the double ratio (left) and of the nuclear modification factors (right) for the Υ(1S) and Υ(2S) states. The relative uncertainties from N part -independent quantities (pp yields and, for the R AA , also integrated luminosity) are represented by the boxes at unity, and are not included in the data points as these uncertainties do not affect the pointto-point trend. The event centrality bins used are indicated by percentage intervals. The results are available in tabulated form in App. A.
The systematic uncertainties from the fitting procedure are evaluated by varying the fit function as follows: fixing the CB tail and resolution parameters to MC expectations, allowing for differences in these parameters between PbPb and pp, and constraining the background parameters with the like-sign and track-rotated spectra. An additional systematic uncertainty (1%), estimated from MC simulation, is included to account for possible imperfect cancellations of acceptance and efficiency.
The double ratios, defined in Eq. (2), are expected to be compatible with unity in the absence of suppression of the excited states relative to the Υ(1S) state. The measured values are, instead, considerably smaller than unity. The significance of the observed suppression exceeds 5 σ.
In order to investigate the dependence of the suppression on the centrality of the collision, the double ratio
is displayed as a function of N part in Fig. 2 (left) . The results are constructed from the single ratio Υ(2S)/Υ(1S)| PbPb measured in bins of PbPb centrality, using the pp ratio as normalization. The dependence on centrality is not pronounced. More data, in particular more pp collisions, are needed to establish possible dependences on dimuon kinematic variables.
Absolute suppressions of the individual Υ states and their dependence on the collision centrality are studied using the nuclear modification factor, R AA , defined as the yield per nucleon-nucleon collision in PbPb relative to that in pp. The R AA observable,
is evaluated from the ratio of total Υ(nS) yields in PbPb and pp collisions corrected for the difference in efficiencies ε pp /ε PbPb , with the average nuclear overlap function T AA , number of minimum-bias events sampled by the event selection N MB , and integrated luminosity of the pp dataset L pp accounting for the normalization. The centrality-integrated (0-100%) R AA values for the individual Υ states are:
R AA (Υ(2S)) = 0.12 ± 0.04 (stat.) ± 0.02 (syst.) , R AA (Υ(3S)) = 0.03 ± 0.04 (stat.) ± 0.01 (syst.) (< 0.10 at 95% CL) .
As the Υ(3S) peak is not prominent above the dimuon continuum (statistical significance less than one standard deviation), an upper limit is also presented. The results for the Υ(1S) and Υ(2S) obtained by performing the measurement in ranges of centrality are displayed in Fig. 2 
(right).
Each factor entering in Eq. (3) contributes to the R AA uncertainty, including L pp (6%) and T AA (4-15%, from central to peripheral collisions). The systematic uncertainties from the fitting procedure, used in the determination of the Υ(1S) (4-9%), Υ(2S) (10-40%), and Υ(3S) (14%) signal yields, are estimated as previously described for the double-ratio measurement. The ratio of efficiencies in Eq. (3) is estimated from MC simulation to deviate by less than 7% from unity for the centrality bins considered. Systematic uncertainties on the efficiency ratio are estimated by considering variations of simulated kinematic distributions (5-7%) and from differences in the efficiency ratio estimations from data and MC simulations (3%). For the former source, uncertainties are estimated by applying a weight to the generated Υ p T and |y| distributions that increases linearly from 0.7 to 1.3 over the ranges 0 < p T < 20 GeV/c and 0 < |y| < 2.4. For the latter source, reconstruction and trigger selection efficiencies are estimated employing a tag-and-probe method [4, 14] , using muons from J/ψ decays in PbPb and pp simulations as well as in collision data.
The results indicate a significant suppression of the Υ(nS) states in heavy-ion collisions compared to pp collisions at the same per-nucleon-pair energy. The data support the hypothesis of increased suppression of less strongly bound states: the Υ(1S) is the least suppressed and the Υ(3S) is the most suppressed of the three states. The Υ(1S) and Υ(2S) suppressions are observed to increase with collision centrality. The suppression of Υ(2S) is stronger than that of Υ(1S) in all centrality ranges, including the most peripheral bin. It should be noted that this bin (50-100%) is rather wide and mostly populated by more central events (closer to 50%). For this most peripheral bin the Υ(1S) nuclear modification factor is 1.01 ± 0.12 (stat.) ± 0.22 (syst.), while for the most central bin (0-5%) R AA is 0.41 ± 0.04 (stat.) ± 0.07 (syst.) indicating a significant suppression. The observed Υ(nS) yields contain contributions from decays of heavier bottomonium states and, thus, the measured suppression is affected by the dissociation of these states. This feed-down contribution to the Υ(1S) state was measured to be of the order of 50% [18, 19] , albeit in different kinematic ranges than used here. These results indicate that the directly produced Υ(1S) state is not significantly suppressed, however quantitative conclusions will require precise estimations of the feed-down contribution matching the phase space of the suppression measurement.
In addition to QGP formation, differences between quarkonium production yields in PbPb and pp collisions can also arise from cold-nuclear-matter effects [20] . However, such effects should have a small impact on the double ratios reported here. Initial-state nuclear effects are expected to affect similarly each of the three Υ states, thereby canceling out in the ratio. Finalstate "nuclear absorption" becomes weaker with increasing energy [21] and is expected to be negligible at the LHC [22] . Future high-statistics heavy-ion, proton-proton, and proton-nucleus runs at the LHC will provide further quarkonium measurements, which will help to disentangle cold-nuclear from hot-medium effects and to attain a more thorough characterization of the properties of the produced medium.
In conclusion, the first observation of the sequential suppression of the Υ(nS) states in heavyion collisions has been reported, in √ s NN = 2.76 TeV PbPb collisions by the CMS experiment at the LHC, extending the previous CMS bottomonium measurements [4, 5] . The Υ(2S) and Υ(3S) resonances are suppressed with respect to the Υ(1S) state, with a significance exceeding 5 σ. The nuclear modification factors for the Υ(nS) states were also measured, with the individual Υ(1S), Υ(2S), and Υ(3S) states suppressed by factors of about 2, 8, and larger than 10, respectively.
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